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FORWARD 

The work of this project has been carried out at the Crystal-Solid State 
Research Laboratory of the Harshaw Chemical Company at 2240 Prospect Avenue, 
Cleveland, Ohio, Project direction has been provided by Mr, F, A. Shirland, 
M r ,  T, A. Griffin has acted as the Project Supervising Engineer and Principal 
Investigator. 

The following personnel have contributed to the work of this Contract 
and charged time approximately as indicated during the period December 1962 
through February 1963. 

NAME HOURS 

F. A, Shirland Project Direction 

T. A. Griffin Principal Investigator-Supervisor 

J. C. Schaefer Chemical Eng'r-Array Fabrication 
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W. T. Stelma Technician-Film Evaporation 

B. J. Szymanski Technician-Array Fabrication 

Ma M, Williams Technician-Cell Fabrication 

A .  Tanos Technician-Cell Fabrication 

C, Pervo Technician-Cell Fabrication 

Miscellaneous Analytical, testing and shop labor 

Total 

It is estimated that the work of the first nine month period of this 
project is 100% complete. 



TABLE OF CONTENTS 

,a t roLxtion an! 

P i 1  o t Line 

Summary 

Evaporation Equipment 

61t x 6tt Films 

61t x 6rt Cells 

Evaporation Parameters 

Sheet Res is  tance 

Sub s t r a t e  s 

Work Planned f o r  Next Per iod  

References 

PAGE 

1 

1 

2 

3 

5 

5 
8 

15 



LIST OF TABLES 

TABLE PAGE 

1 Performance o f  6lt x 61t Front W a l l  C d S  Film Cel ls  7 

2 Properties o f  CdS Films Evaporated a t  Various Substrate Telnperatures 9 

LIST OF FIGURES 

FIGURE PAGE 

Substrate Heater and Holder 

Bulkhead Seals f o r  Substrate Heater 

Filament Arrangement f o r  61t x 61t Films 

6rt x 61t Front Wall C d s  Film Cel l  

Typical Test Cell Electroded f o r  Sheet Resistance Measurements 

Ci rcu i t  Used t o  Show How Current Leaks I n t o  the Substrate 

Ci rcu i t  Used t o  Explore the Potential  Distr ibut ion o f  Cells 

Potent ia l  Distr ibut ion on Molybdenum Substrate 

Potent ia l  Distr ibut ion on Front Surface o f  Cel l  

4 
4 
6 

6 

10 

10 

12 

1.4 

14 



INTRODUCTION AND SUMMARY 

This report  describes the work performed during the t h i r d  quarter period of 
a one year research and development contract on C d S  t h in  f i l m  photovoltaic c e l l s  
sponsored by the Lewis Research Laboratory o f  NASA with Dr. Andrew E. Potter,  
acting as Contract Monitor. 

During t h i s  period, an evaporator was tooled f o r  the purpose of evaporating 
uniform CdS films on 6*t x 6tt substrates.  
o f  which were completed as  f ront  w a l l  photovoltaic c e l l s ,  
c e l l s  were about 2.0% i n  efficiency. 
l a rges t  s ing le  photovoltaic c e l l s  ever made. 
fabr icated f r o m  were or ig ina l ly  intended only f o r  physical measurements e.g. uni- 
fo rmi ty  

Several l a rge  area f i l m s  were made, some 
Two o f  these la rge  area 

These 36 in2 c e l l s  a re  believed t o  be the 
The f i l m s  t h a t  these c e l l s  were 

o f  thickness, adherence, c r y s t a l l i t e  s i z e ,  e t c .  

The average efficiency o f  the standard p i l o t  l i n e  dropped t o  2.06% with a 
corresponding increase i n  the scrap r a t e .  
t o  several  problems tha t  have subsequently been corrected. 
during t h i s  period was 3.57. 

This drop i n  eff ic iency was a t t r ibu ted  
The maximum eff ic iency 

More experiments on the e f f ec t  o f  substrate temperature were run with a 
t i gh te r  control o f  f i l m  thickness. 
concerning the major changes in film r e s i s t i v i t y .  
fur ther  r e l a t e  the bulk r e s i s t i v i t y  of the evaporated f i l m s  t o  c e l l  operation. 

These experiments confirm the previous data 
An attempt w i l l  be made t o  

Measurements were i n i t i a t e d  t o  determine the mechanism o f  the apparent sheet 
res is tance increase caused during lamination. 

Tungsten was used successfully as  a substrate  material. 

PILOT LINE 

During t h i s  three month period, two hundred f i f ty -e ight  c e l l s  were produced 
on the p i l o t  l i n e  with an average efficiency o f  2.06% and a m a x i m u m  eff ic iency o f  
3.5% Sixty-seven c e l l s  were adjudged as scrap. 

One o f  the  causes f o r  the  lower average efficiency was the production o f  l e s s  
uniform f i l m s .  
general build-up o f  evaporant on all the surfaces within the vacuum b e l l  j a r s .  
Immediately a f t e r  the systems were completely cleaned, the conversion eff ic iencies  
of completed c e l l s  rose sharply. 

This lack o f  uniformity o f  the f i l m s  was found t o  be caused by a 

Another problem was traceable t o  an incorrect ly  reading thermocouple. 
appears t h a t  the vapors i n  the vacuum system gradually a t tack the thermocouples, 
and unless they a re  changed regular ly  they tend t o  give f a u l t y  readings. 
caused erroneous substrate  temperature readings resul t ing i n  many too-thin f i l m s .  
These t h i n  f i l m s  tend t o  develop shorts  during ba r r i e r  plat ing.  

It 

This 

3 

The t h i r d  problem encountered was a material  problem. Some o f  the poor c e l l s  
One l o t  was not completely can be t raced t o  f i l m s  made f r o m  ce r t a in  s in te rs  of C d S .  

s in t e red  because o f  a power f a i l u r e  during the run. Other s i n t e r s  display high 
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oxygen content. 
been established. 

More r i g i d  control o f  the material  used f o r  evaporation, has 

The p i l o t  l i n e  has continued t o  serve as a base l i n e  o f  operation and as  a 
source o f  c e l l s  f o r  experiments. 

EVAPORPLTION EQUIPMENT 

1. Substrate Heater 

The main e f f o r t  i n  the second six month period was t o  re tool  the evaporator 
t o  enable the handling of l a rge r  substrates,  toward the g o a l  o f  producing 6'1 x 6'1 
ce l l s .  

The f i r s t  retooling e f f o r t s  were directed toward the substrate  heater. Form- 
erly,  radiat ion type molybdenum heaters were placed about one inch above the sub- 
s t r a t e ,  but because o f  i ne f f i c i en t  heat t ransfer  it was decided t o  change t o  a 
conduction type heater,  
enclosed i n  an incoloy sheath, 
has an l l t t  diameter c i r c l e  p a r a l l e l  t o  t h e  base p la te .  
the 331t circumference) o f  t h i s  c i r c l e  contains a 1.5 k.w. heater. The cold ends 
o f  the  heater  a re  28-$t long, a c t  as the ve r t i ca l  supports, and as feed-throughs on 
the base p l a t e .  The bulkhead sea ls  a r e  made with f l ex ib l e  conduit sea ls  as can be 
seen i n  Figure 2. 
self-supporting and adjustable.  

The new substrate heater chosen was an immersion heater 
Figure 1 shows the substrate  heater and holder. It 

The major length (27+" of 

A s  a r e s u l t  o f  t h i s  construction, the substrate  heater i s  both 

Figure 1 clear ly  shows tha t  the substrate heater i s  clamped t i g h t l y  t o  the 
substrate  holder. 
c i r cu la r  p l a t e  about 121t i n  diameter, but because o f  excessible warping, it was 
changed t o  a 3 aluminum pla te .  The substrates, which a re  s l i g h t l y  la rger  than 
the 61r x 6rt square hole i n  the center of  the substrate  holder, cover the opening 
and a re  backed up by another aluminum pla te ,  This back-up p l a t e  i s  a lso bolted 
t o  the subs t ra te  holder, I n  order t o  improve the heat t ransfer ,  the back of the 
substrate  and the f ront  of the back-up p la te  a re  covered with a black coating. 

The or ig ina l  d3sign o f  the holder consisted o f  a 1/8" aluminum 

The ease with which the substrate  t o  filament distance i s  adjusted makes t h i s  
heater very versa t i le .  
o f  the molybdenum substrate  and the aluminum holder some buckling was produced i n  
the subs t ra te  during evaporation. This suggested tha t  the aluminum be replaced 
by another metal with an expansion coefficient closer t o  molybdenum, u n t i l  it was 
discovered tha t  the buckling was almost completely overcome by using a graphite 
coating between the substrate  and t h e  substrate holder. 
t o  s l i d e  against  each other. 

I n i t i a l l y  because o f  the  difference i n  the thermal expansion 

This a l l o w s  the two metals 

This subs t ra te  heater i s  much more e f f i c i en t  than the radiat ion type since 
it requires  about one fourth the amount  o f  power t o  heat the same area,  
on-cycle, about 2 k.w. i s  used t o  heat the 611 x 67r area, whereas 1 k.w. i s  also 
required t o  heat the 3" x 3" areas employing a radiat ion heater .  In  general, i t  
can be s a i d  t h a t  t h i s  heater  has proven t o  be very sa t i s f ac to ry  f o r  heating the 

During the 
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Filaments 

The filaments used f o r  the  evaporation o f  the CdS on 61f 6tt substrates  i s  
the four boat configuration used on the standard p i l o t  line('? The boat s i z e  had 
t o  be increased t o  handle four  times the volume o f  charge since the f i l m  area has 
been increased t h a t  amount. 
uniformity o f  deposit over the 6tt x 6rt substrate area,  
used a t  present a re  $t i n  diameter and 3$f long. 
centers, and the substrate  t o  filament distance i s  9.2tt. 
f o r  achieving uniformity is t o  place the filaments on centers equal t o  the sub- 
s t r a t e  length,  i n  t h i s  case, on 6tt centers, hen the substrate  t o  filament d i s -  
tance is  adjusted t o  755% o f  the s i x  inches, (2T This basic method does not hold 
completely t rue  here because the filaments are somewhat collimated sources. The 
final. distances arrived a t  are  adjustments made by t r i a l  and error .  

The posi t ion o f  the boats was adjusted t o  obtain 
The tantalum filaments 

The four filaments are  on Ltl 
The bas ic  procedure used 

The filaments are  wired i n  se r i e s  because t h i s  arrangement has advantages 
over the former para l le l ,  o r  s e r i e s  pa ra l l e l  ins ta l la t ions .  
f i rs t ly ,  individual filaments can be changed without disturbing the other three.  
Secondly, and m o s t  important, the l i n e  drop i s  minimized permitting the power t o  
be more e f f i c i e n t l y  coupled t o  the filaments. It has been found t h a t  o n l y  about 
one half  o f  the or ig ina l ly  estimated power, o r  a l i t t l e  more than 2 k.w. i s  re-  
quired a t  present ,  
in the  filaments i s  22 grams per filament which i s  about four times the amount used 
f o r  evaporation on 3" x 3tt areas ,  
discus sed below. 

These advantages are, 

Figure 3 shows the filament arrangement. 

The uniformity o f  the  f i l m s  produced w i l l  be 

The charge used 

I n  order t o  conserve power and also reduce the  heat radiated t o  the b e l l  j a r ,  
tantalum re f l ec to r s  a re  used on the outside o f  the filaments. These shields  are  
incorporated as pa r t  of the tantalum caps tha t  serve t o  keep the charge from f lying 
out of the boats during evaporation. 

I n  an attempt t o  eliminate all poss ib i l i t i e s  o f  spattering, quartz plugs were 
placed i n  the  open end of the filaments. 
the evaporation ra te ,  and hence the f i l m  thickness, 

supply a r r ives ,  since the present supply was operating a t  95% t o  100% of peak power. 

These plugs grea t ly  reauced the spat ter ing,  
Additional experiments t o  

deteLTLine the feasT&ility of +I-.:- ,,,-e- nL. -."+ I.- A,..P----A r - n + , ' l  4L.r l----- ------ 
ULLD appiuauii i i iuau U G  U G I G L A G U  ~ L U L L  ~ I C  L ~ L ~ C L  ~ U W G L  

Considerable heating of the b e l l  jar, the base plate ,  and feed throughs has 
been noted, but  no ill effects ,  such as  damaged seals,  have resul ted.  A s  yet  it 
has not been deemed necessary t o  incorporate a cooling system within the b e l l  j a r .  
One immediate advantage a cooling systemwould offer  i s  a shorter  cooling time 
before the  system could be opened t o  a i r .  

EVAPORATED 611 x 61' FILMS 

During t h i s  period, eleven l a rge  area f i l m s  were evaporated a f t e r  the present 
filament spacing and distance was established. 
had de ta i l ed  thickness measurements taken. The f i r s t  f i l m  had the CdS removed from 
the  subs t ra te  i n  nine posi t ions and the  thickness measured. 
found t o  vary from 1.5 t o  2 . 1  m i l .  

A s  a t e s t  o f  uniformity two films 

The CdS thickness was 
Then all the CdS f i l m  was s t r ipped o f f ,  collected 

-3 - 



I 

SUBSTRATE HEATER AND HOLDER. 

Figure  2 

B U L K m D  FEEDTHROUGHS 
FOR SUBSTRATE HEATER. 

-4- 



and weighed. 
found t o  be 1.7 m i l .  
t o  measure the thickness o f  the  C d S  a t  the edges o f  several  holes placed i n  the 
f i l m .  
these types o f  measurements a re  destructive, subsequent f i l m s  were o n l y  checked 
with a surface gauge, 
production o f  good f i l m s .  
the substrate ,  
evaporation must be increased. 

On the  bas i s  o f  t o t a l  weight and the  area covered, the thickness was 
A second f i l m  had its deposit measured by using a microscope 

Since The thickness was found t o  vary f r o m  1 . 7  t o  2 . 1  m i l s  by t h i s  method. 
, 

The uniformity seemed reasonable and suf f ic ien t  f o r  the  
About 8% o f  the t o t a l  filament charge was col lected on 

descri-bed elsewhere. ( 3 )  
If it i s  desired t o  col lect  more o f  the charge, the rate o f  i The explanation f o r  t h i s  i s  

~ I FABRICATED 611 x 61t CELLS 

I , O f  the  eleven f i l m s  evaporated under the conditions described above, t w o  were 
destroyed i n  the measurements o f  deposit thicknesses, three were t o o  thin,  t w o  

One of 
the l a t t e r  four c e l l s  was shorted, The other three had ef f ic ienc ies  o f  about 2.0% 
and t h e i r  properties a re  described i n  Table 1. These r e su l t s  a re  very encouraging 
f o r  s o  few attempts, pa r t i cu la r ly  since the e f f ic ienc ies  are  a l m o s t  as high as the 
p i l o t  l i n e  average resu l t s .  This i s  especially heartening since the C d S  material 
used w a s  considered poor material  since it seemed t o  produce l o w  eff ic iency c e l l s  
when used on the p i l o t  l i n e .  It was used here since the physical propert ies  such 
as thickness, c r y s t a l l i t e  s i z e ,  e tc ;  were the properties t h a t  were o f  f i r s t  in t e re s t ,  
and high c e l l  conversion e f f ic ienc ies  were only o f  secondary in t e re s t .  
material w i l l  now be used i n  fu ture  e f for t s .  

I 

t 
suffered f r o m  cracking o r  poor adherence, and four were made into c e l l s .  

Better 
Figure 4 shows one o f  the completed I 6tt x 6tt c e l l s ,  

I 
I 

During the next quarter the properties o f  the 61r x 611 c e l l s  w i l l  continue t o  
be studied i n  an e f f o r t  t o  see what improvements can be made. The e f f ec t  o f  some 
propert ies  e.g. s e r i e s  and sheet resistance, w i l l  probably be exaggerated because 
o f  the l a rge r  area which, i n  turn, should f a c i l i t a t e  an investigation o f  the causes 
and importances o f  these, and possibly other propert ies .  I 

One f a c t  t h a t  is  immediately apparent when comparing the 61' x 611 c e l l  with a 
61t x 6lr array made o f  four 3" x 311 ce l l s  is  the  ac t ive  area gained. 
t o  m o r e  than 10%. 

It amounts 

A l a rge r  pressure t e s t  i s  being constructed similar t o  the one reported 
I 

i n  the l a s t  quarter ly  report ,  
and y ie lds  performance data while reducing time and cost .  

This obviates the need f o r  lamlnating each ce l l ,  
i 
I 

I EVAPORATION PARAMETERS 

I I n  the  l a s t  quarter ly  report  data 
the  parameters o f  C d S  evaporated f i l m s .  

supplied on some work done t o  extaluate I 
I A difference w a s  found i n  the eiectrica:  
I propert ies  of c e l l s  evaporated a t  d i f f e rem substrate  temperatures. 

the thickness o f  the  f i l m s  used i n  the study varied grea t ly  ( f r o m  20.5 t o  0.6 m i l s . )  
c a s t  some doubt on the results. This series w a s  repeated and an e f f o r t  w a s  made 
t o  control  the thickness o f  the  f i l m s .  A s  seen i n  Table 2, the thicknesses were 
held within the range o f  0.8 t o  1 .0  m i l .  

The f a c t  t h a t  

I 

These a re  on lft x Yt c e l l s .  
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Figure 3 

FILAMENT AFUUNGEMENT FOR 
611 x 611 FILM EVAPORATION. 

I 

I 

Figure 4 
611 x 6tt CELL 
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I TABLE I 

1 PERFORMANCE OF 611x611 FRONT WALL CdS FILM CELLS 

I 
' A R R A Y  CELL ocv s C I  AREA FWR. EFF. WT. W / l b .  @ SUBSTRATE 
I NO. NO. PLASTIC (vo l t s )  (Amps) (cm2) (m w) (%) (grams) 140 mw/cm2 COLLECTOR 

0.002!l Mo. 
70 l / in  Au 

I 
~ 384 MN 7 Mylar 0.47 >2.0++ 203 410 2.02 18 14.5 00002rT Moo 
I Nylon 70 l/fn Au 

Mylar 0.45 1.96 200 360 1.8 20 11.5 0.002f1 Mo. 
Nylon 70 l / i n  Au i 385 MN 

406 i" 11 Mylar 0.46 >2.0 204.3 418 2.04 16,6 16 0.002fT Mo 
Nylon 70 l / i n  Au 

?+ The short  c i r c u i t  current could not be measured with the present t e s t  equipment, 
A transformer with a higher current carrying capacity i s  required, 
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The same CdS material was used throughout, and the only parameter t ha t  w a s  
varied w a s  the substrate  temperature. Again i n  t h i s  s e r i e s  o f  t e s t s ,  as i n  the 
l as t  ser ies ,  the f i l m s  evaporated a t  the standard substrate  temperature display 
the highest r e s i s t i v i ty .  
c e l l s  was found i n  c e l l s  made f r o m  f i l m s  evaporated a t  substrate  temperatures 
higher than the standard se t t i ng  o f  220%. 

Again the highest open c i r c u i t  voltage f o r  the processed 

I 

I n  t h i s  se r ies  o f  t e s t s ,  the temperature reached w a s  not as high as i n  the 
Yet, a l l  previous se r i e s  due t o  the l imit ing factor  o f  substrate  heater power. 

the f i l m s  evaporated a t  temperatures above the standard operating temperature i n  
both se r i e s  show a decrease i n  r e s i s t i v i ty .  
exhibit  a decrease i n  current density. 

The c e l l s  made f r o m  these f i l m s  a l s o  

I 

; 

This whole question o f  bulk r e s i s t i v i t y  and how it ef fec ts  the f i n a l  c e l l  
output i s  worth examining. 
evaporated i s  undoped s intered CdS, Therefore, any var ia t ions i n  r e s i s t i v i t y  
probably comes f r o m  non-stoichiometry. 
f i l m s  achieved by evaporation a t  l o w  substrate temperatures. These f i l m s  a re  
very dark, which indicates a la rge  cadmium excess as the cause o f  the high conduct- 
i v i  t y  , 

F i r s t  o f  a l l ,  it should be pointed out t h a t  the material 

This i s  evident i n  the l o w  r e s i s t i v i t y  

Pertinent t o  t h i s  question a re  some ser ies  resistance calculations made on 
CdS f i l m  ce l l s .  The I - V  curves o f  the 6" x 6ft c e l l s  show a se r i e s  res is tance of 
about 0.1 ohm while the 1" x 3" c e l l s  show about 1 ohm. Comparing the t w o  s izes  
on a bas i s  o f  area and thickness, the bulk r e s i s t i v i t y  o f  the CdS f i l m  could be 
the cause o f  t h i s  s e r i e s  res is tance.  Calculations f o r  the one ohm ser ies  res is tance 

while the one-tenth ohm ser ies  resistance on a 6rt x 6ft c e l l  yielded a bulk r e s i s t -  
i v i t y  of 5 x lo3  ohm-cm. 
220°Ce A s  seen from Table 2, bulk r e s i s t i v i t i e s  i n  the l o 3  ohm-cm range would be 
expected f o r  the substrate  temperature a t  which these f i l m s  were evaporated. 
t h i s  c e l l  s e r i e s  res is tance can be related t o  the bulk r e s i s t i v i t y ,  o r  not, i s  t o  
be determined. 
may well be an area f o r  great  efficiency improvement. 
t h a t  reached a reported 6 and 7 per cent efficiency were made f r o m  one ohm centemeter 
Indhii-doped imt,e~La.l xhich seem t o o  s l ippor t  t h i s  idea,  

c e l l  operation between c e l l s  made f r o m  films with d i f fe ren t  bulk r e s i s t i v i t i e s  
caused by doping, and c e l l s  made f r o m  f i l m s  w i t h  d i f fe ren t  bulk r e s i s t i v i t i e s  caused 
by non-stoichiometry. 

of one par t icu lar  l t t  x 3tt c e l l  resul ted i n  a bulk r e s i s t i v i t y  o f  3 x 10 3 ohm-cm; 

These films were evaporated a t  a substrate  temperature o f  

Whether 

However, the data does seem t o  f i t ,  and if t h i s  i s  t rue,  then t h i s  
The s ingle  c rys ta l  c e l l s  

Some e f f o r t  w i l l  be made 
It s h a l l  be interest ing t o  l ea rn  the var ia t ions i n  . t o  check o n  t h i s  poss ib i l i ty .  

This work sha l l  be i n i t i a t e d  using some doped s ingle  c rys ta l  material as the 
evaporant . 

SHEET RESISTANCE 

A study o f  the sheet resistance o f  the "barrier" during t h i s  quarter was 
necessi ta ted b 

10 
Calculations indicate t h a t  a col lector  me h o f  20 l i n e s  per  fnch would be adequate 
assuming a ba r r i e r  sheet res is tance o f  lo3 ohms per square, During the second 
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he r e su l t s  of experiments i n  the f i r s t  t w o  quarters.  During the 
f i rs t  quarter ,  ;us? the sheet res is tance was measured experimentally, t o  be about 

3 ohms p e r  square. An increase i n  sheet resistance has been noted a f t e r  lamination. 



TABLE I1 

P R O P E R T I E S  OF F I L S  EVAPORATED AT VARIOUS SUBSTRATE TEMPERATURES 

SUBSTRATE R E S I S T I V I T Y  R E S I S T I V I T Y  CELL NO. THICKNESS OCV s G I  m. 
(MILS.) (Volts) (ma.) (%) TEMPERATURE (in dark 1 (in light 150' 

(OC.1  hour) (ohm-cm) candlas)(ohm-cm) 

200 x479 1.0 0.42 12 N .C .% 

1 .o 0.5 58 1 . 3  
140 375 

X480 

X476 0.8 0.48 36 0.8 
0.51 65 1.1 x47 7 0.9 

180 650 340 

2 20 5200 1300 X483 1.0 0.49 124 2e2 
x484 1.0 0.5 116 2.4 

1300 330 X471 
X472 

1 .o 0.52 124 2.8 
1 .o 0.52 120 2.6 

x46B 0 a 9  0.5 104 2.0 
0.8 0.5 88 1.8 X469 

230 2 60 8.50 

Material ( C d S )  was from same sinter. 

Resistivity measurements made on pyrex slide tnat was evaporated at ~ai i ie  tEmz 
as films on molybdenum. 

(0-122) 

3CN.C. = Not calculated - very low. 
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FIGURE 6 

CIRCUIT USED TO SHOW HOW CURRENT LEAKS INTO THE SUBSTMTE 
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quarter, experiments with the pressure t e s t  un i t  gave r e su l t s  which were consistent,  
within experimental deviation, with the calculations,  
o f  sheet resistance with lamination remains a possible l imi t ing  f ac to r  on the g r i d  
spacing i n  completed ce l l s .  

A t  the present, the increase 

Before a number o f  t e s t s  were run t o  pinpoint t h i s  apparent sheet res is tance 
increase, cer ta in  c r i t e r i a  were used i n  the select ion o f  the sample c e l l s .  
a l l  were chosen f r o m  c e l l s  evaporated on 1" x 3" x 0.002rr molybdenum substrates  
f r o m  the same batch (0-93) o f  C d S  material. They were a l l  evaporated i n  the same 
evaporator with a substrate  temperature o f  220°C, a source temperature o f  1060°C. 
The duration o f  evaporation was 20 minutes, The f i l m  thicknesses were chosen as  
1.27 m i l s .  o r  thicker.  Cell  eff ic iencies  were 1.60% o r  higher. The c e l l s  f i na l ly  
selected were the unlaminated ce l l s :  

They 

S-278 

W-406 
W-40 7 

S-289 

Laminated c e l l  #668 was used i n  se t t ing  up the sheet res is tance measuring 
equipment. 

The c i r c u i t  used t o  me s e the sheet res is tance o f  the ba r r i e r  was shown i n  
the f irst  quarter ly  report .  Tsy An important fea ture  o f  the t e s t  method i s  an attempt 
t o  match the poten t ia l  o f  each point on the "barrier" with the poten t ia l  o f  the 
point on the substrate  d i r ec t ly  beneath it. 
cadmium sulphide l aye r  between the ttbarrier'r and the substrate,  small differences 
i n  the poten t ia l s  should not introduce appreciable errors  i n  the sheet res is tance 
measurements. 
same value f o r  sheet res is tance,  Reversing the c e l l  i t s e l f ,  i n  cer ta in .cases ,  gave 
a d i f f e ren t  value f o r  sheet res is tance,  I n  some cases, the difference was as great  
as  a fac tor  o f  two.  
r e su l t s  f rom la rge  mismatches i n  the potent ia l  d i s t r ibu t ions  o f  the  'rbarrier" and 
the substrate .  Figure 5 represents a typical t e s t  ce l l ,  electroded f o r  sheet 
res is tance measurements, 

Because o f  the resis tance o f  the n-type 

It was found tha t  reversing the power source gave approximately the 

The assymetry o f  the measurements f o r  these c e l l s  probably 

To substant ia te  the method of measuring the sheet res is tance,  the surfaces o f  
some o f  the  c e l l s  were probed i n  order t o  get  a p ic ture  o f  the poten t ia l  d i s t r ibu t ion .  
Figure 6 i s  a schematic diagram of a c i r cu i t  used t o  demonstrate how current leaks 
through the cadmium sulphide t o  the substrate when current i s  fed  only in to  the 
electrode s t r i p e s  on the 'tbarrier". A loop o f  f i n e  wire was used as a probe i n  these 
measurements. A s  expected, the equipotential l i n e s  were crowded together near Lhe 
s t r ipes ,  indicating conduction t o  the substrate.  

Figure 7 represents a c i r c u i t  used t o  explore the poten t ia l  d i s t r ibu t ion  o f  
c e l l s  under the conditions o f  sheet res  ance measurement. It i s  s imilar  t o  the 
one shown i n  the f i rs t  quarter ly  report@ except t ha t  a microvoltmeter i s  used 
with the surface probe. 

To f a c i l i t a t e  equipotential  tracing, the c e l l  should be r e l a t ive ly  immobilizea, 
Several attempts t o  accomplish t h i s  by holding the c e l l  against  an evacuated p l a t e  
were unsuccessful. 

-11 - 



'b 
Keithley 
600~ 

Q 3 

o . l n / s t e p  
decade 

Keithley 

( 3 )  
,.. -d 

I 1 

\ \\\\\\\\\\\'\\\,\\\\\' 
4- Is 
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3:- Numbers i n  parentheses r e fe r  t o  e l ec t r i ca l  contact posit ions (See Figures 8 & 9, 
Page 14 ) . 
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I 

A p l a s t i c  'Isplint" was used t o  help immobilize the c e l l s  during probing. 
c e l l s  and the s p l i n t  were held by rubber bands t o  a s m a l l  metal p l a t e  attached t o  
a ringstand. 
t o  the substrate.  

The 

The sp l in t  was special ly  notched t o  permit access f o r  at taching c l ip s  

I 

When a ce l l ,  which gave nearly symmetrical res is tance t e s t s  r e su l t s ,  was probed 
i n  the usual t e s t  c i r cu i t  the mid-line potent ia l  d i s t r ibu t ion  was essent ia l ly  l i n e a r .  
A rough check o f  a few equipotentials gave approximately the expected r e su l t s .  

Contact t o  the substrates  o f  unlaminated c e l l s  measured during the f i r s t  quarter 
was made with rtmicrogatortt c l i p s  along one edge o f  the substrate .  The poten t ia l  
d i s t r ibu t ion  on a substrate  under such conditions was determined by probing, and 
is  shown i n  Figure 8. 

M a n y  adjustments and measurements were required during e l e c t r i c a l  po ten t ia l  

Since the cloths  were not completely 
probing. A l m o s t  every adjustment and measurement required undraping and redraping 
o f  the  sample and probe with black cloths ,  
opaque and the s e t  up was i r regular ly  shaped, it was not cer ta in  whether there was 
any detrimental l i g h t  leakage. For t h i s  reason, the sample holding apparatus, the 
probe, and i t s  x,y,z drive were re ins ta l led  i n  a dark box. 

An unlaminated c e l l  with the usual microgator c l ip  arrangement was probed using 
the dark box arrangement t o  show Itcontact resistancen between the c l ip s  and various 
pa r t s  o f  the  c e l l .  The contact resistance was noticeable but not large enough t o  
contribute much er ror  t o  the measurements. 

The wire loop probe was replaced by a rtsnai11t(6), a small cylinder o f  conductive 
elastomer, approximately 0.1 cm i n  diameter. 
po ten t ia l  readings, 

This grea t ly  reduced f luctuat ions i n  

Figure 9 i l l u s t r a t e s  a po ten t ia l  dis t r ibut ion o f  the face o f  a c e l l  including 
the edge o f  the substrate ,  Such a c e l l  has approximately the same sheet res is tance 
when it i s  reversed as when f i r s t  tes ted.  Other c e l l s  had d is tor ted  poten t ia l  
d i s t r ibu t ions  and gave a d i f fe ren t  value f o r  sheet res is tance depending how they 
were placed i n  the c i r c u i t ,  That was probably due t o  loca l ized  leakage i n  the 
ba r r i e r .  These ce l l s  w i l l  be eliminated f r o m  the se r i e s  o f  t e s t s  on sheet res is tance.  
The above r e s u l t s  indicate  tha t  the amount o f  mismatch in the  poten t ia l  d i s t r ibu t ions  
o f  the  b a r r i e r  and substrate  in symmetrical c e l l s  i s  not enough t o  introduce 
appreciable error .  

Plans f o r  the  fu ture  include selecting more c e l l s  by c r i t e r i a  s imilar  t o  those 
mentioned above and then eliminating those which show a d i f fe ren t  sheet res is tance 
when reversed i n  the c i r c u i t .  
the b a r r i e r  and substrate.  

This should c u l l  out those with leakage paths between 

Several areas w i l l  be investigated i n  an e f f o r t  t o  loca te  the cause o f  the 
apparent sheet res is tance increase under laminating conditions. 
t h a t  the laminating procedure e f fec ts  the ohmicity o f  the metal contact t o  the ba r r i e r  
and consequently the sheet res is tance w i l l  be explored. 
determination o f  the change of sheet resistance with lamination. 
possible  e f f ec t s  of d i f ferent  p l a s t i c s  w i l l  a l s o  be made, 

The poss ib i l i t y  

It i s  planned t o  make a 
Study o f  the 
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FIGURE 8 

POTENTIAL D I S T R I B U T I O N  ON MOLYBDENUM SUBSTRATE 
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FIGURE 9 

POTENTIAL D I S T R I B U T I O N  ON FRONT SUlZFACE OF CELL 

5:- Numbers i n  parentheses r e fe r  t o  e l ec t r i ca l  contact posit ions (See Figure 7,  
Page 12). P la in  numbers ind ica te  e l e c t r i c a l  potent ia l  i n  micro-volts. 
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SUBSTRATES 

Presently the work with the 6tt x 6lt films w i l l  be done on the standard two 
m i l  molybdenum since t h i s  is  the substrate  o f  greatest  r e l i a b i l i t y .  However, 
e f f o r t s  a r e  continuing t o  f i nd  other materials tha t  may prove t o  be o f  equal, o r  
greater  merit.  
b r i e f l y  . Some o f  the experiments conducted i n  t h i s  area s h a l l  be mentioned 

During t h i s  period CdS w a s  evaporated onto one m i l  tungsten and it was 
immediately apparent t ha t  adherence was a problem, 
etched p r io r  t o  evaporation, a c e l l  o f  s l i gh t ly  over two  per  cent was produced. 
Although tungsten i s  very dense 19.3 g/cm*,(almost twice as  dense as  molybdenum) 
the thermal match between C d S  and the tungsten apparently was be t t e r  than between 
Cds and molybdenum since the c e l l  remained f l a t  and did not cur l .  
planned using t h i s  substrate .  

However, when the tungsten was 

More work i s  

Some two m i l  niobium sheet tha t  was produced by ordinary ro l l i ng  and by 
Sendzimir processing was obtained and used as substrate  material .  
etching, o r  surface conditioning used as  yet  has promoted any adherence o f  the 
CdS film t o  the niobium. 

No cleaning, 

Since invar ft361t had given some very good c e l l s  i n i t i a l l y ,  additional attempts 
t o  repeat t'nese ~ - e h - - i l t s  iie:-e xz&, but have proven ra ther  disappointing, 
s e r i e s  res is tance appeared i n  the ce l l s .  
a s  yet .  
which has a great e f f ec t  on the f i n a l  resul ts .  

A high 
The cause o f  which has not been determined 

It appears t h a t  a f i l m  i s  formed on the invar during the etching procedure 
This work i s  continuing. 

Some ltfilohmtt was a l s o  obtained as a possible substrate  material .  It consists 
o f  one m i l  mylar with a transparent gold layer  on the surface with 
o f  about 25 ohm/sq. 
withstand the evaporation conditions, 
un i t  t o  replace the metal mesh, but t he  resu l t s  were negative. 
with it showed very low current and high ser ies  res is tance,  
t h a t  it s t i l l  might be used i n  combination with the mesh electrode. 

a res is tance 
This m a t e r i d  i s  not sui table  as  a substrate  since it can not 

It was used, however, on the pressure t e s t  
The c e l l s  tes ted  

There i s  a poss ib i l i t y  

- - n ~ r  nT 1 n m F n  vnp nnmT p r R T n n  wunn r - u i u l Y u J  1wIL L-_-A-- 

During the next quarter the tooling used t o  produce 6tr x 6" area films w i l l  
be improved where necessary, The properties o f  these 6" x 6" fi lms w i l l  continue 
t o  be studied, as well as  the properties o f  the  c e l l s  made using these large area 
f i l m s .  An attempt w i l l  be made t o  correlate  the bulk r e s i s t i v i t y  o f  the f i l m s  t o  
c e l l  operation, 

The search f o r  new and b e t t e r  substrates w i l l  continue. 

The co l lec tor  contact w i l l  continue t o  be studied. The w o r k  t o  determine the 
mechanism of apparent sheet res is tance increase under laminating conditions w i l l  
continue. 

The standard process p i l o t  l i n e  w i l l  continue t o  be operated t o  provide a base 
l i n e  and furn ish  c e l l s  f o r  other experiments. 
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Ldar the end o t h i s  perioc , C d S  f ront  wall so lar  c e l l s  demonstrating improve- 
ments i n  c e l l  s ize ,  specif ic  power-to-weight r a t io ,  and c e l l  efficiency will be 
fabricated and delivered t o  the contract  m o n i t o r .  i 
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